Robust signal processing for material noise suppression in ultrasonic nondestructive testing by Ericsson, Lars & Stepinski, Tadeusz
ROBUST SIGNAL PROCESSING FOR MATERIAL NOISE SUPPRESSION IN 
ULTRASONIC NONDESTRUCTIVE TESTING 
Lars Ericsson and Tadeusz Stepinski 
Uppsala University 
Department of Technology 
Circuits and Systems 
Box 534 
S-751 21 Uppsala 
Sweden 
INTRODUCfION 
Ultrasonic nondestructive inspection of materials is often limited by the presence of 
backscattered echoes from the material structure, known as material or grain noise. The 
material noise can be difficult to distinguish from flaw echoes because their spectra overlap 
to a large extent. Due to the overlapping, application of conventional linear filters is 
generally not adequate for attenuating this type of noise. However, a suitable choice of the 
inspection frequency will cause the grain response to be considerable more noncoherent 
than the flaw response. This property arise from the fact that the material noise can be 
considered as an interference pattern made up of unresolved scatterers, while the flaw 
echoes will bear more resemblance to specular reflections. The implication of this 
difference is that the material noise can be suppressed by means of frequency diversity 
techniques which take advantage of its noncoherent nature. 
The desired frequency diverse signals may be obtained either by transmitting several 
pulses at slightly different frequencies or by using signal processing to create a set of 
signals from a single transmitted (broadband) pulse. The class of processing techniques 
used in the latter case will be referred to as Quasi Frequency Diversity (QFD) algorithms. 
The most renowned QFD algorithm is the Split Spectrum Processing (SSP) [1,2] which 
was developed about a decade ago. Through experimental verification the possibilities and 
limitations of the SSP have become evident. In order to avoid the drawbacks of the SSP we 
have developed a novel algorithm, which we refer to as Cut Spectrum Processing (CSP). In 
this paper the CSP algorithm is introduced and its operation is illustrated by an example. 
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QUASI FREQUENCY DIVERSITY ALGORITHMS 
The QFD algorithms share the common structure depicted in fig. 1. The methods 
basically consist of two steps, signal expansion and target echo extraction. The expansion 
process generates the desired frequency diverse signals by processing the spectrum of the 
received ultrasonic signal. Generally, each of the diverse signals is generated by 
manipulating a certain part of the spectrum. The idea is to produce a collection of signals 
where the coherent target echo information is common among all signals, while the 
material noise exhibits differences due to its noncoherent nature. The extraction algorithm 
can then be applied to the frequency diverse signals in order to find the common 
information in the signals, at each time instant. The extracted signal may finally be used 
directly as an output or it may be multiplied by the original ultrasonic signal, see fig. 1. 
ROBUSTNESS OF SPLIT SPECTRUM PROCESSING 
The SSP expansion is typically performed by mUltiplying the spectrum of the digitized 
ultrasonic signal by a number of identical and equally distributed Gaussian windows. The 
most commonly used SSP extraction methods, minimization [1,2] and polarity thresholding 
[2,3], presume that the expansion has been performed in such a way that the target echo 
information is present in each of the selected frequency bands (Gaussian windows). If that 
is not the case, the result may be a loss of a coherent, i.e. relevant, echo. There are two 
main cases, where a lack of target echo consistency can be observed. The first, and most 
apparent, is the location of at least one of the Gaussian windows outside the spectrum of 
the ultrasonic signal. Obviously, that window will contain mainly electronic receiver noise 
and the extraction algorithms will probably fail. This problem can be solved by utilization 
of automatic spectral estimation prior to the SSP processing [4]. 
The other kind of problem has been observed to occur during our evaluation of the 
SSP using a large number of real ultrasonic signals [5]. Because of the frequency 
dependent nature of the material noise, there is a possibility that the noise will annihilate 
the target echo information in some frequency bands, especially in the upper part of the 
spectrum [6]. Consequently, the split signals corresponding to these bands will contain 
merely material noise. The result is a considerable risk of losing the target echo. As an 
example of this phenomenon consider the ultrasonic signal plotted in fig. 2. It includes 
three target echoes, at 2211s, 2411s and 26 I1s respectively. Its digital spectrum, consisting 
of frequency samples (bins) is pictured in fig. 3. The result of an automatic frequency range 
estimation, as mentioned above, is indicated by the dashed lines. The estimated frequencies 
ranged from 1.48 MHz to 2.29 MHz. which resulted in 34 split signals, according to SSP 
theory [7]. Although the range seems reasonable, employing SSP with minimization on this 
frequency range results in an output as indicated in fig. 4. This problem may be solved in 
either of three ways: 
i) Identify the split signals containing no target echo information and discard them prior 
to extraction by the minimization or the polarity thresholding algorithms. 
ii) Design a robust extraction algorithm which tolerates a lack of target echo information 
in a few split signals. 
iii) Replace the SSP expansion algorithm with a robust one that will cause all resultant 
signals to contain coherent information irrespective of the noise frequency distribution. 
The third approach is utilized by the CSP algorithm, proposed in the next section. 
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Fig. 1 General processing algorithm structure. 
10 15 20 25 30 
Time [Ils] 
Fig. 2. Example of received ultrasonic signal. 
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Fig. 3. Digital spectrum of the ultrasonic signal. 
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Fig. 4. Output from SSP with minimization. 
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CUT SPECTRUM PROCESSING 
According to the previous section, the frequency diversity is generally obtained by 
expanding the received signal into a number of signals with different frequency contents. 
The SSP achieves this objective by the use of bandpass filters. Although this technique 
satisfies the requirement of frequency diversity, there is no guarantee that received coherent 
information will be present in all, or even in the majority of the split signals. Consequently, 
the main goal must be to design a robust expansion algorithm, i.e. an algorithm producing a 
set of signals all containing coherent information, provided that the original signal contains 
that information. 
Expansion AI~orithm 
In the algorithm which we refer to as Cut Spectrum Processing (CSP) the objective 
mentioned above is met by using a concept which may be thought of as the inverse of SSP, 
bandstop filters are used for signal expansion instead of bandpass filters. In order to 
understand the CSP concept let us consider a case where the spectrum of the received 
ultrasonic signal is completely contained within the frequency range utilized by the 
Gaussian windows, used in the SSP. If there is no a priori data concerning the spectral 
location of the signal, we can simply exploit the entire frequency range running from zero 
to the Nyquist frequency. Then the sum composed of all the split signals would definitely 
contain coherent information, if there is any. Furthermore, any sum excluding one of the 
split signals would also embrace approximately the same coherent information as any other 
such aggregate. On the other hand, noncoherent information, such as material noise, would 
be slightly different in various aggregates, depending on the presence of constructive or 
destructive interference. Qualitatively, excluding one of the split signals from the 
summation is the same operation as bandstop filtering of the ultrasonic signal. 
The bandstop filters could be chosen to be Gaussian shaped as in the case of SSP. 
However, rectangular windows are preferable due to implementation easiness. For real 
ultrasonic signals our experiments have verified that they operate very well. Furthermore, 
the experimental results indicate that the best choice of the bandstop window bandwidth 
should be one frequency sample (bin). Thus, the CSP expansion algorithm may be 
implemented by equating the consecutive bins to zero in the digital Fourier spectrum of the 
ultrasonic signal. The cost for the superior robustness obtained by this algorithm is the 
relatively small signal variations caused by the noise components, compared to the SSP 
expansion. However, the effects of noncoherency can be increased without affecting the 
coherent information, by reversing the phase of the bins instead of resetting them. Thus, the 
final CSP expansion algorithm proposed here includes the following steps: 
1. Determine a frequency range that encompasses the entire spectrum of the ultrasonic 
signal. If the frequency range cannot be estimated reliably discard only those 
frequency bands which certainly do not contain the coherent information. 
2. Expand the ultrasonic signal by changing the signs, i.e. reverse the phase, of the bins 
included in the frequency range, one at a time. The expansion will result in a number 
of signals, N, equal to the number of bins contained in the frequency range. 
The features of the resulting frequency diverse signals can then be utilized by a suitable 
extraction algorithm, e.g. the one introduced below. 
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Extraction Ale;orithm 
The CSP expansion technique, which is entirely different from the SSP, requires also 
the extraction algorithms to be different from the minimization and polarity thresholding 
commonly used with the SSP. A feasible approach is to utilize the amplitude variations 
between the diverse signals, caused by the phase reversals of the bins. A simple way to 
measure this variance is to consider the ratio, r, between the minimum and maximum 
(absolute) amplitudes of the diverse signals, xi(k1), at each time instant, kT: 
r = xmin(k1) / xmax(kT) (1) 
with 
xmin(k1)=min(lx 1 (kT)I, ... ,lxj(k1)I, ... ,lxN(k1)l) (2) 
and 
xmax(k1)=max(lx 1 (kT)I, ... ,lxj(k1)I, ... ,lxN(k1)l) (3) 
It comes out from the discussion above that the ratio r should be closer to one at those time 
instants when a target echo is present than otherwise. By comparing this ratio with a given 
threshold, q, a decision (gating) signal, y(kT) can be constructed: 
y(kT)=I; 
y(k1)=O; 
r>q 
otherwise 
(4) 
The output of the processing, z(k1), is constituted by the product of the gating signal y(k1) 
and the original ultrasonic response signal x(k1): 
z(k1)=y(k1)x(k1) (5) 
Using the CSP expansion together with this extraction algorithm reduces the total 
number of tuneable parameters to one, the factor q. Setting q=O results in no action, while 
q=l exterminates everything. A suitable value may be chosen using operators experience of 
visual inspection. Practical operation of the CSP algorithm is illustrated in the next section. 
EXPERIMENTAL RESULTS 
The ultrasonic response signal (see fig. 2) used for illustration of the SSP and CSP 
algorithms emanated from a 8 mm surface breaking cmck, located within the weld joining 
a piece of austenitic steel to a piece of carbon steel. The echoes located at 22 Jls and 24 Jls 
originated from the weld boundaries, while the echo at 26 Jls emanated from the base of the 
crack. The transducer used for acquisition operated with longitudinal waves at 2 MHz, with 
an angle of refraction of 70°. The received signal was sampled at 25 MHz, with an 
amplitude resolution of 8 bits. 
The CSP algorithm introduced above was employed to the same ultrasonic signal 
which was previously used to illustrate the failure of the SSP algorithm (see fig. 2). The 
frequency range used for the Cut Spectrum Processing was chosen as 1-3 MHz. The output 
was then calculated according to eqs. (1)-(5). The value of the threshold q was determined 
by observing the output, while varying q. The tuning indicated that q=O.65 was a suitable 
parameter setting. The CSP output using this value is plotted in figure 5. It should be 
observed that the optimal value of q is likely to vary with material structure, flaw size and 
orientation, etc. 
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Fig. 5. Output from CSP with q=O.65. 
CONCLUSIONS 
The problem of determining the frequency range used for Split Spectrum Processing 
(SSP) and the resulting probability of target echo losses have been discussed in the paper. 
As a solution to this problem a novel algorithm, which we refer to as Cut Spectrum 
Processing (CSP), has been proposed. High robustness and performance of the CSP, which 
has been verified in initial experiments using real ultrasonic signals, is illustrated by an 
example (see fig. 5). The main advantage of the CSP is that the target echo loss possibility 
is eliminated by principle from the expansion stage of the procedure. As a result the target 
echo loss probability, which is highly reduced compared to the SSP, can be controlled by 
the operator in a consistent way. Furthermore, the performance of the CSP technique is 
independent of the choice of frequency range, as long as the ultrasonic signal spectrum is 
included in it. Thus, the method can be applied even for completely unknown transducers. 
The only price for using a large frequency range is the increased amount of calculations 
required. Additionally, due to the presence of a single parameter, included in a final 
operation after the extraction step, the CSP algorithm is quickly and easily tuned. Due to its 
simplicity the CSP algorithm can be easily implemented by means of digital signal 
processors (OSP). 
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